A short review of experimental and theoretical results on the large angle cross sections "γγ → two mesons" and the form factors γ * γ → P = {π, η, η ′ } is given.
Introduction
The general approach to calculations of hard exclusive processes in QCD was developed in [1, 2] . In particular, the general formula for the leading power term of any hadron form factor γ * → H 1 H 2 has the form [1] :
where : n min is the minimal number of elementary constituents in a given hadron, n min = 2 for mesons and n min = 3 for baryons ; s 1,2 and λ 1,2 are the hadron spins and helicities, the current helicity λ = λ 1 − λ 2 = 0, ±1 ; the coefficient C 12 is expressed through the integral over the wave functions of both hadrons. It is seen that the behavior is independent of hadron spins, but depends essentially on their helicities, and the QCD helicity selection rules are clearly seen: the largest form factors occur only for λ 1 = λ 2 = 0 mesons and λ 1 = −λ 2 = ±1/2 baryons of any spins.
The QCD logarithmic loop corrections to (1) were first calculated in [2] (see also [3] [4] [5] for more details and [6] for a review).
γγ → M M large angle scattering
The QCD predictions for the leading terms of the large angle scattering cross sections γγ → two mesons were considered in [7] [8] (see also [9] for the one-loop corrections) The expressions for the cross sections look as (the example in (2) is given for γγ → K + K − ) : 
. Black line -flat wave function φπ(x, µo ∼ 1 GeV ) = 1.
Cross sections for charged mesons
and the angular distribution ∼ 1/ sin 4 θ is only weakly dependent of the meson wave function form. But the absolute values of cross sections depend strongly on the form of φ M (x) and are much larger for the wide wave functions.
For neutral mesons :
, ηη the coefficient of the formally leading term ∼ 1/W 6 is very small, so that at present energies W < 4 GeV such amplitudes are dominated by the first power correction in the amplitude and the energy behavior is much steeper:
while, unlike (3), the angular dependence χ(θ) and the overall coefficient in (4) are not predicted (at present) in a model independent way.
As the alternative approach to description of γγ → M M processes, the "handbag model" was used in [11] . The main dynamical assumption of the "handbag model" [11] is that at present energies W ≤ 4 GeV all γγ → M M amplitudes are still dominated by soft non-leading terms. Fig.3a The overall picture of the "standard handbag" contribution [11] . Fig.3b The standard lowest order Feynman diagram for the QCD light cone sum rule [12] .
For all mesons, both charged and neutral, "the standard handbag" contribution ( Fig.3) gives:
. This angular behavior ∼ const disagrees with all data ∼ 1/ sin 4 θ, and the energy behavior disagrees with the data ∼ 1/W 6 for charged mesons. Fig.4 The typical additional Feynman diagram for the "extended handbag model" which includes contributions from 3-particle wave functions (the curly line is the near mass shell non-perturbative gluon).
I expect that, in distinction with the standard contribution of Fig.3 , the additional soft contributions like those in Fig.4 will give :
in better qualitative agreement with data for neutral mesons. Unfortunately, such contributions
are not yet calculated at present (and it well may be that they are too small in absolute values). (c) Fig.5 a, b) Cross sections σo integrated over the angular region | cos θ| < 0.6 , together with the ∼ (1/W ) 6 dependence line [14] . c) the cross section ratio Rexp = σo( [14] . Compare Rexp ≃ 0.9 with the naive prediction
It was "obtained" in [11] that the angular behavior of the standard handbag contribution from Fig.3a is dσ/d cos θ ∼ 1/ sin 4 θ. Really, this "result" is completely model dependent. The reason is that a number of special approximate relations were used in [11] at intermediate steps. All these relations are valid, at best, for the leading term only. But it turned out finally that their would be leading term gives zero contribution to the amplitude, and the whole answer is due to next corrections, which were not under control in [11] . Their result ∼ 1/ sin 4 θ is completely due to especially (and arbitrary) chosen form of the next to leading correction, while ignoring all others next to leading corrections of the same order of smallness. Therefore, there is no really model independent prediction of the angular dependence in [11] . So, it is not surprising that the explicit calculation in [12] gives different angular dependence. 2 The reason for
is that the leading twist pseudoscalar meson wave function φ P (x) becomes narrower when the lighter u or d quarks are replaced with the heavier s quarks, and this opposite effect compensates those from f K /f π > 1, see [8] .
It is seen that they are compatible with the leading term QCD predictions σ( (a) The total cross section σo(γγ → K S K S ) integrated over the angular region | cos θ| < 0.6 [15] .
Here n is the
The dotted line DKV = Diehl-Kroll-Vogt is the handbag model prediction in the SU (3) -flavor symmetry limit [11] ; the dashed BL line is the Brodsky-Lepage [7] prediction for the kaon wave function close to φasy(x), the dashed-dotted BC line is the BenayounChernyak [8] prediction for the kaon wave function like φcz(x) (both are the leading term QCD predictions (2) for large energies W ).
The angular behavior measured by Belle [14] for π + π − and
, also in agreement with QCD and in disagreement with the standard handbag model [12] . As for the absolute values of cross sections, the values predicted from (2) are much smaller than data for the pion (kaon) wave functions close to φ asy (x), while predictions from (2) for the wide π and K wave functions like φ cz (x) are in a reasonable agreement with data (see [12] for more details). Now, let us compare with the Belle results for the neutral mesons. The results for the cross section γγ → K S K S are published in [15] , see Fig.6 .
It is seen from Fig.6 that in the energy range 2.5 < W < 4 GeV the energy behavior ∼ 1/W 10 in this neutral channel is much steeper in comparison with ∼ 1/W 6 in the charged channel. This agrees with qualitative expectations from QCD that because the coefficient of the formally leading at sufficiently large W is very small, the first non-leading term dominates the K S K S -amplitude at present energies W < 4 GeV . Let us recall that the handbag model predicts the dominance of non-leading terms (and so the energy behavior ∼ 1/W 10 ) for all mesons, both charged and neutral.
As for the angular distribution, the data are sufficiently well described by ∼ 1/ sin 4 θ [15] . Let us recall once more that "the standard handbag model" (Fig.3) predicts the flat angular distribution ∼ const [12] also for all mesons, but the qualitative expectation is that "the extended handbag model" (Fig.4) will give ∼ 1/ sin 4 θ, see (5) . Finally, about the ratio Fig.6b . In the SU(3) flavor symmetry limit the standard (and extended) handbag model predicts R = 0.08 [11] . It is seen from Fig.6b that this ratio decreases rapidly with energy and becomes smaller than ∼ 0.08 at W > 2.7 GeV , in disagreement with the handbag model. This is because the energy dependence of σ 0 (
6 disagrees with the handbag model prediction ∼ 1/W 10 . The QCD prediction is that at sufficiently large W , when the parametrically leading but having a small coefficient term will become dominant in the K S K S amplitude, this ratio will become constant (see BL and BC lines in Fig.6b ). It is seen from Fig.6b that the ratio R is already close to the leading term QCD predictions for
The qualitative situation with other neutral modes, 
, it behaves "abnormally" , see Fig.7 . This last behavior agrees neither with QCD, nor with the handbag model. [8, 12] for more details). The asymptotic wave functions φ π,K (x) ≃ φ asy (x) predict much smaller cross sections. The handbag model predictions for charged mesons disagree with data in energy dependence.
Conclusions on the large angle cross sections
2) For neutral mesons, the QCD leading terms have much smaller overall coefficients, so that the non-leading terms are expected to dominate at present energies W < 4 GeV , and the energy dependence is steeper:
This agrees with data on σ(K S K s ) and σ(π o η), while σ(π o π o ) behaves "abnormally" (may be due to contamination of data with the pure QED -background).
3) Predictions of the "standard handbag model" disagree with data either in energy and/or angular dependence, or in absolute values. However, it is not excluded that adding soft contributions from the 3-particle wave functions in the "extended handbag model" (see Fig.4 ) can help to describe cross sections of neutral mesons at intermediate energies 2.5 GeV < W < 4. Unfortunately, such contributions are not yet calculated at present (and it well may be that they are too small; besides, one has to remember that there are also power corrections due to the higher twist wave function components in the diagrams in Fig.1 ). The curve is the fit:
b) W -dependence of the cross section ratio σ(ηπ 0 )/σ(π 0 π 0 ) (| cos θ * | < 0.8).
γ
As was first obtained in [2] on the example of the pion form factor F π (Q 2 ) (see [3] for more details), the contributions from short and large distances factorize in F π (Q 2 ) at large Q 2 , and the logarithmic evolution of Q 2 F π (Q 2 ) is determined by renormalization factors of operators with the same anomalous dimensions γ n as in the deep inelastic scattering. So, the strict non-perturbative QCD prediction for F π (Q 2 ) in the formal limit Q 2 → ∞ looks as [2] (b o = 11−2n f /3, µ o ∼ 1 GeV ) :
. This corresponds to the pion wave function φ π (x, µ → ∞) evolving to its universal asymptotic form
, independently of its form φ π (x, µ o ∼ 1 GeV ) at low energy. As it is seen, the logarithmic evolution with increasing scale is very slow. As for the form factor
, the QCD prediction 3 for its asymptotic behavior in the formal limit Q 2 → ∞ looks as (see e.g. [5] ) :
For the η and η ′ mesons, the form factors F γη and F γη ′ look similarly to F γπ . For instance, a simplified description of |η , |η ′ states in the quark flavor basis looks as follows [19] :
Predictions for F γπ (Q 2 ) were given in a large number of theoretical papers, using many different models for the leading twist pion wave function φ π (x, µ). The previous data for F γπ (Q 2 ) [20, 21] covered the space-like region 0 < Q 2 < 8 GeV 2 . The recent data from BaBar [23, 24] extended this one to Q 2 40 GeV 2 , see Fig.9 . It is seen that Q 2 F γP (Q 2 ) exceeds its asymptotic value √ 2 f π (the dashed line in Fig.9 ) at Q 2 10 GeV 2 . Because the loop and leading power corrections are negative here, this shows that the leading twist pion wave function φ π (x, µ) is considerably wider 3 Really, unlike F π (Q 2 ), the leading asymptotic behavior of F γπ (Q 2 ) can be directly obtained from the standard Wilson operator expansion of (6) [18] , as in calculations of the deep inelastic scattering. The only difference is that the forward matrix elements p|O n |p are taken in the deep inelastic scattering, while these are p|O n |0 in the case γ * γ → π.
than φ asy (x), while most theoretical models predicted φ π (x, µ) ≃ φ asy (x). The red curve in Fig.9 shows that, with power corrections of reasonable size, the wide leading twist pion wave function φ cz (x, µ) obtained in [10] using the standard QCD sum rules, see Fig.2 , is not in contradiction with data.
4
After the new BaBar data on F γπ (Q 2 ) [23] appeared, it was proposed in [28] that the large value of Q 2 F γπ (Q 2 ) is due to the flat pion wave function,
2 ) in this case and, taking M ≃ m ρ by hand, such a behavior fits well then these BaBar data. But in this case, because the wave functions of |π , |n and |s are qualitatively similar, see (7) (8) , the form factors q 2 F γη (q 2 ) and q 2 F γη ′ (q 2 ) will also grow the same way, ∼ ln(q 2 /m 2 ρ ) at q 2 ≫ 1 GeV 2 . These two form factors have been measured recently by the BaBar Collaboration [22] at q 2 = 112 GeV 2 . It is seen from Table 2 and Fig.10 that with φ n (x) ∼ φ s (x) ≃ 1 these two form factors will be too large. Besides, such flat wave functions will contradict the data on σ(e + e − → V P ), see Fig.11 . 
0.14 0.13 0.21 4 A number of papers with predictions for F γπ (Q 2 ) has been published, based on the model pion wave function φ BMS π (x) (BMS=Bakulev-Mikhailov-Stefanis) obtained from the "improved QCD sum rules" with non-local condensates (see the last paper [25] and references therein). This approach has been criticized in [13] , as it is based on arbitrary strong dynamical assumptions which, as was shown in [13] , don't pass the direct QCD check. Moreover, within this approach, one has to introduce a number of arbitrary model functions for various non-local vacuum condensates (see e.g. [26] ) and, in general, the results for φ π (x) depend heavily on the model forms chosen for these functions (compare e.g. the results for φ π (x) from [27] and [26] ). Finally, the model pion wave function φ BMS π (x, µ) obtained within this approach predicted the value of F γπ (Q 2 ) only slightly above those for the asymptotic wave function φ π (x) = φ asy (x), see [25] , and well below the recent BaBar data [23] [24] . Besides, it is claimed in [25] that the data [20] [21] [23] [24] are incompatible with φ π (x, µ) = φ cz (x, µ) (and are even in contradiction with the QCD factorization for any pion wave function with the end point behavior ∼ x(1 − x) at x → 0, 1 ). As it is seen from Fig.9 (red curve), this is not so. b) only the part of the total power correction ∼ 1/Q 2 is calculated at present in [31] :
originating from the 2 -and 3 -particle asymptotic pion wave functions of twist 4 [32] . It well may be that it is not even the main part of the total ∼ 1/Q 2 correction, because: i) the deviation of these 2 -and 3 -particle twist 4 pion wave functions from their asymptotic forms (i.e. the admixture of higher "partial waves") was estimated in [32] only for the first non-leading "partial wave", while second (and higher) "partial waves" neglected in [32] can be important, ii) there are also contributions ∼ 1/Q 2 from the 4 -particle wave functions of twist 4, iii) moreover, the twist expansion breaks down at this level, so that the higher twist ≥ 6 terms also give contributions ∼ 1/Q 2 ; c) the power correction ∼ 1/Q 4 is unknown.
Black line:
Blue line :
Red line (the example with additional mild power corrections) :
Experiment : [20] 
White points: previous CLEO data at 2 GeV
Black lines: the form factors |q 2 F γη (q 2 )|, |q 2 F γη ′ (q 2 )| for the flat pseudoscalar wave function φ P (x) ≃ 1.
Conclusions on the form factors
and the leading twist wave functions φ P (x) of pseudoscalar mesons
The flat leading twist pseudoscalar wave function φ P (x) ≃ 1 : a) predicts the form factors F γη (q 2 ) and F γη ′ (q 2 ) at q 2 = 112 GeV 2 considerably larger than the BaBar results; b) predicts the parametrical behavior of cross sections σ(e + e − → V P ) at large s as : σ(e + e − → V P ) ∼ 1/s 2 , in contradiction with the data σ(
The asymptotic leading twist pseudoscalar wave function φ P (x) ≃ 6x(1 − x) : a) predicts the form factors F γπ o (Q 2 ), F γη (Q 2 ) considerably smaller than data; b) predicts branchings of charmonium decays:
, the pion and kaon electromagnetic form factors F π,K (q 2 ) at q 2 = 10 − 15 GeV 2 much smaller than data, etc.
The CZ leading twist pion wave function φ cz π (x, µ ∼ 1 GeV ) = 30x(1 − x)(2x − 1) 2 : leads to predictions which, it seems, are not in contradiction with all data available. 
QCD predictions :
σ(e + e − → V P ) ∼ 1/s 4 [1] ( see (1) , |λ V | = 1 in this case ), up to a possible additional logarithmically growing factor [6] , for the pseudoscalar wave function φ P (x) with the suppressed end point behavior, like ∼ x(1 − x) at x → 0, 1.
σ(e + e − → V P ) ∼ 1/s 2 for the flat pseudoscalar wave function φ P (x) ∼ 1.
The form factors γ * → V P are highly sensitive to the end point behavior of the leading twist pseudoscalar wave function φ P (x), as they contain the factor I ∼ 1 δ dx φ P (x)/x 2 , δ = O(µ 2 o /Q 2 ) [6] . So, I ∼ ln(Q 2 /µ 2 o ) for φ P (x) ∼ x(1 − x), while it will be parametrically larger at φ P (x) ∼ 1 : I ∼ (Q 2 /µ 2 o ). The data are in a reasonable agreement (with a logarithmic accuracy) with the σ ∼ 1/s 4 dependence corresponding the end point behavior φ P (x) ∼ x(1 − x), and are in contradiction with the behavior σ ∼ 1/s 2 , corresponding to φ P (x) ∼ 1 at x → 0, 1.
Note added
Two types of non-valence contributions are presented in Fig.12 . It is worth noting that both non-valence contributions in Fig.12 are SU(3)-flavor singlets in the SU(3)-symmetry limit. So, they contribute equally to the amplitudes π + π − , π 0 π 0 , K + K − , K 0 K 0 and η 8 η 8 , and don't contribute to η 8 π 0 . The diagrams in Fig.12a constitute a small subset of all one-loop corrections to the leading power contributions from the Born diagrams like those shown in Fig.1 . We only note here that if these leading power one-loop non-valence corrections to the Born contributions were really significant, this will contradict then the data [15] on K S K S , see Fig.6 .
